A novel kind of electrochemical sensor was developed by combining the molecularly imprinting and silica colloidal crystal template (SCCT) techniques in this work. Pyrrole was electropolymerized onto the SCCT modified glassy carbon electrode (GCE) surface in the presence of dopamine (DA). Then a three dimensional ordered macroporous (3DOM) structured molecularly imprinted polymer (MIPs) electrochemical sensor (3DOM-MIPs/GCE) was obtained by etching of silica microspheres and extracting of DA successively. Scanning electron microscope (SEM) and electrochemical impedance spectroscopy (EIS) were employed to characterize the prepared process of the sensor. Due to the high surface area and thin wall of 3DOM imprinted polymers on the electrode surface, the prepared sensor provided much more efficient imprinted sites and exhibited a fast binding dynamics, good specific adsorption capacity, and high selective recognition to template molecule. And the sensor could also be used for DA determining. Peak current of DA varied linearly with the concentration of DA in the range of 2.0×10 -6 ~ 2.3 ×10 -4 mol L -1 with a detection limit of 9.0 ×10 -7 mol L -1 .
Introduction
Dopamine (DA), one of the most significant catecholamines in biological organisms with a concentration range of approximately 10 −7 -10 −3
mol L -1 [1] , plays an important role in the functions of the central nervous, cardiovascular, renal and hormonal systems and in drug addiction and Parkinson's disease [2] [3] . However, DA also coexists with high concentrations of other biomolecules in biological samples, which can cause poor selectivities and sensitivities in DA determinations [4] [5] . To solve these problems, a variety of electrochemical sensors have been prepared and applied for DA determination in biological samples [6] [7] [8] [9] [10] [11] [12] . However, many of these sensors do not meet the growing demand for developing more simple, reliable and efficient sensors with enhanced selectivities and sensitivities for DA detection.
A molecularly imprinted technique [13] [14] [15] , the design and synthesis of polymers with predetermined recognition capacity to target molecule, has been proposed and developed rapidly in recent years to overcome the limitations of biological recognition system, such as instability against high temperature, organic solvents and pH conditions. The synthesis of molecularly imprinted polymers (MIPs) involves the co-polymerization of functional monomer and cross linker in the presence of template molecule. Extraction of the template molecule from the obtained polymer reveals the complementary binding sites in shape, size, and the position of the functional groups, which can specific rebind and recognize the template molecule from its structure similar compounds [16] [17] [18] [19] . Owing to their stability, low cost of preparation, ease of mass production and fitting for wide range of operating conditions, MIPs have been applied in wide fields, such as solid-phase extraction [20] [21] , chromatographic separation [22] [23] , catalysis [24] [25] and biosensor [11, 26] . As promised materials, MIPs also have been used to prepare electrochemical sensor to achieve high selectivity and sensitivity for imprinted molecule simultaneously [27] [28] [29] .
Although MIPs prepared by conventional methods exhibit high affinity and selectivity to imprinted molecule, some disadvantages were suffered, including the heterogeneous distribution of the binding sites, embedment of mostly binding sites, and poor site accessibility for imprinted molecule. All of these may lead to the low sensitivity and selectivity of sensor if such traditional MIPs were employed as sensing elements. Therefore, facilitating the mass transfer processing and improving the site accessibility are the important issues for MIPs being served as sensor devices.
Based on this consideration, much more researchers have focused on the preparation of nanostructured MIPs, such as thin film, nanospheres, nanowires, and nanotubes [30] [31] [32] [33] [34] . In recent years, several techniques have been developed to fabricate the multiporous polymers, including sol-gel techniques, etching techniques, and template techniques. Among these methods, three dimensional ordered macroporous (3DOM) inverse opal structures polymers prepared by the template method have recently received great attention because of their simple process, cost effectiveness, controllable sizes of pore and film thickness [35] [36] [37] [38] [39] . Monodispersed spherical colloidal particles are arranged orderly onto the surface substrate in this method. Then the void spaces between particles are filled with fluid precursors, which convert to a solid under certain conditions subsequently. After removal of colloidal particles, the open, interconnected and periodic 3DOM structures can be obtained, providing a high stability, an increase of up to 2 orders of magnitude active surface area compared to that on a flat substrate. If this kind of high periodic macroporous solid was made of MIPs, most of the imprinted sites would situate at the polymers surface or in the proximity of the polymers surface, which should further facilitate the mass transfer of template molecules toward MIPs and increase the utilization of imprinted sites. And this kind of MIPs also can be constructed onto the electrode surface to form a new kind of MIPs electrochemical sensor.
In this article, molecular imprinting and colloidal crystal techniques were combined to fabricate a new kind of electrochemical sensor element onto the glassy carbon electrode (GCE) surface. Monodispersed silica microspheres were naturally settled onto the GCE surface to form a high ordered hard template before it was immersed into prepolymerization solution. Then the polymers were prepared by electropolymerization of pyrrole in the present of DA, one of the most significant catecholamines, which was used as imprinted molecule. After removal of silica colloidal crystal and DA molecule, the obtained 3DOM MIPs electrochemical sensor exhibited the accessibility of imprinted molecule to the surface imprinted site, and the increase of the mass transport of imprinted molecule. Under the optimized condition, the sensor showed good special adsorption and high recognition capacities to template molecule.
Expermental part

Chemicals
Silica microspheres with diameter of 500 nm were obtained from Alfa Aesar. Dopamine (DA, ≥98.5%), Ascorbic acid (AA, >98%), uric acid (UA, >99%), epinephrine hydrochloride (EP, >98%), and pyrrole were purchased from Fluka (Fluka Chemie AG, Switzerland). Sodium dihydrogen phosphate, sodium phosphate dibasic, and all other reagents were of at least analyticalreagent grade. Double-distilled water was used for all solutions.
Apparatus
Electrochemical experiments such as cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and differential pulse voltammetry (DPV) were performed on CHI 660C workstation (ChenHua Instruments Co., Shanghai, China) with a conventional three-electrode system. A bare or modified glassy carbon electrode (GCE) was served as a working electrode. A saturated calomel electrode and a platinum wire electrode were used as a reference electrode and a counter electrode, respectively. Field emission scanning electron microscope (FE-SEM) images were obtained on an S-4800 field emission scanning electron microanalyser (Hitachi, Japan).
Fabrication of silica colloidal crystal template modified GCE (SCCT/GCE)
The preparation of SCCT/GCE was performed by the colloidal crystal template technique. The highly uniform silica colloidal microspheres were dispersed in ethanol under sonication to get a distributed suspension. The side of a clean GCE, wrapped with a tape, was used as a substrate for the colloidal crystal template preparation. The edge of the tape was higher than that of GCE to form a groove. Then a certain amount of silica suspension was introduced into the groove. After the static gravitational sedimentation of silica suspension and evaporation of ethanol, the silica microspheres settled and assembled at the GCE surface, obtaining silica colloidal crystal template modified GCE (SCCT/GCE).
Preparation of three dimensional ordered macroporous MIPs modified GCE (3DOM-MIPs/GCE)
The SCCT/GCE was immersed into the prepolymerization solution, which was composed of 0.026 mol L -1 pyrrole and 0.02 mol L -1 DA. After the interspaces of silica crystal template were infiltrated with prepolymerization solution, the cyclic voltametry (CV) was performed from -0.80 V to +1.00 V for several cycles at a scan rate of 100 mV/s, obtaining a polymer modified GCE (SCCT-polymers/GCE). Then the above electrode was incubated into hydrofluoric acid (HF) solution to etch off silica microspheres completely. After washing with water for several times, the electrode was immersed in 0.1mol
phosphate buffer solution (PBS, pH 7.0) to extract embedded DA by scanning between -0.6 and +1.00 V for several cycles until no obvious oxidation peak of DA could be observed, getting three dimensional ordered macroporous MIPs modified GCE (3DOM-MIPs/GCE). The procedure of fabrication of 3DOM-MIPs/GCE was depicted in Scheme 1.
For comparison, three dimensional ordered macroporous non-molecularly imprinted polymers (NIPs) modified GCE (3DOM-NIPs/GCE) was prepared and treated in exactly the same way, only without addition of DA molecule in the electropolymerization process. And the molecularly imprinted polymers modified GCE (MIPs/GCE) or non-molecularly imprinted polymer modified GCE (NIPs/GCE) were also prepared without SCCT in the construction process, which were used as compared electrodes.
Electrochemical properties measurements
Electrochemical measurements to characterize the prepared modified electrodes were carried out in 0.05 mol L -1 PBS (pH 7.0) by using different electrochemical techniques including CV, DPV, and EIS. AA, UA, and EP were chosen as the structural similar molecules to evaluate the recognition capacity of the prepared sensor.
Results and Discussion
SEM characterization of 3DOM-MIPs/GCE
The microstructure of 3DOM is highly dependent on the structure of the silica crystal template. In order to fabricate macroporous materials with uniform structure, a key requirement is to prepare well-packed silica microspheres.
Sedimentation of silica microspheres using the present method leads to the formation of colloidal crystal template on the surface of GCE. Fig. 1 displayed SEM images of colloidal crystal template formed with silica spheres by sedimentation method (a) and the fabricated MIPs film with an interconnected macroporous structure (b). The monodispersed silica microspheres are regularly stacked on the surface of GCE. This ordered structure is consistent with the colorful appearance of the template. After electropolymerization of MIPs and removal of silica template, 3DOM-MIPs/GCE was obtained as shown in Fig. 1b . The Macropores were interconnected by window channels that are replicated from the partial coalescence necks between the silica spheres. The small dark areas within each pore were the interconnected necks and corresponded to the points of contact of the starting silica microspheres. And the macroporous structure with several layers could be observed in the cross-section high magnification image, as illustrated in the inset of 
Electrochemical behaviors of 3DOM-MIPs/GCE
EIS characterization of 3DOM-MIPs/GCE
The electrochemical impedance spectroscopy (EIS) was performed to monitor the impedance changes of electrode surface in the modified process. In EIS, a semicircle portion at higher frequencies corresponds to the electron-transfer limited resistance and a linear part at lower frequencies may attribute to the diffusion process. 4− on GCE. However, with the coating of silica colloidal crystal template and the subsequent MIPs layer onto the GCE surface (Fig. 2, b and c) , the impedances were significantly increased and the semicircle diameters of SCCT/GCE and SCCTpolymers/GCE were about 5.7 and 17.9 KΩ, respectively. This result indicated that SCCT and polymers had the larger obstruction effect, which led to the decrease of electron transfer rate or increase of the resistance of the electron flow.
With the etching off silica template, the semicircle dimater decreased to 3.07 KΩ (Fig. 2  d) , which was further reduced to 1.80 KΩ after the extraction of DA (Fig. 2 e) . The reason could be that there were large numbers of macropores left by the etch of silica microspheres and imprinted cavities left by the extraction of DA in MIPs layer, which enhanced the diffusion rate of [Fe(CN) 6 ] 3− /[Fe(CN) 6 ] 4− through the MIPs layer and made it easier for the electron-transfer between the electrolyte and the electrode to take place. The impedance changes of the modified process indicated that MIPs film had been modified to the GCE surface successfully. The resistance substantially increased from 1.80 KΩ to 3.70 KΩ (Fig. 2 f) , which could be attributed to the rebound DA in imprinted cavities blocking the arrival of [Fe(CN) 6 ] 3− /[Fe(CN) 6 ] 4− to electrode surface.
Specific adsorption of DA toward 3DOM-MIPs/GCE
The electrochemical responses of DA toward different modified electrode were studied using DPV to evaluate the specific adsorption of the sensor, as shown in Fig. 3 . An obvious anodic peak was observed at each electrode due to the oxidation of DA. It's apparent that the MIPs modified electrodes displayed much higher current than those of NIPs modified electrode whether SCCT was employed in the sensor prepared process or not, indicating the existence of imprinting cavities in MIPs film. Compared with the MIPs/GCE (Fig. 3c) , the peak current of DA on 3DOM-MIPs/GCE (Fig. 3d) increased remarkably, which could be ascribed to the special structured 3DOM-MIPs. Herein, the reproducibility of 3DOM-MIPs/GCE was investigated for three times with a relative standard deviation of 2.4%. The large surface area and thin wall thickness of this structured MIPs enable most imprinting sites to situate at the surface or in the proximity of the surface. The result of adsorption dynamics experiment indicated that the prepared sensor possessed very fast response time within almost 1 min (as shown in Fig. 4) , which could be attributed to the better site accessibility and lower mass-transfer resistance of 3DOM-MIPs. Therefore, silica colloidal crystal template method was adopted in the present study could provide much more efficient imprinting cavities and facilitate the adsorption of DA toward MIPs.
And the adsorption isotherm curve was also a common method to study the specific adsorption properties of MIPs. Fig. 5 showed an adsorption isotherm of 3DOM-MIPs/GCE and 3DOM-NIPs/GCE. The binding of DA to 3DOM-MIPs/GCE was compared with 3DOM -NIPs/GCE of DA concentration from 2.0×10 -6 to 7.7 ×10 -4 mol L -1 . The larger current of each concentration of DA on 3DOM-MIPs/GCE surface than that on 3DOM-NIPs/GCE surface indicated that the 3DOM-MIPs/GCE had specifically binding capacity for imprinted molecule because the imprinted cavities in 3DOM-MIPs are complementary to the size, shape, and functionality of the imprinted molecule. 
Determination of DA
The dependence of the oxidation peak current of DA at 3DOM-MIPs/GCE was investigated by using DPV method. As shown in Fig. 6 , it was observed that the current of 3DOM-MIPs/GCE increased with the increase of DA concentration. The calibration graph (the inset of Fig. 6 
Recognition of DA
The selectivity of the proposed sensor was investigated using AA, UA, and EP as the structural analogues. The concentration of the tested compounds was 7.0×10 -4 mol L -1 . Compared with 3DOM-NIPs/GCE, the current value caused by DA on 3DOM-MIPs/GCE was the highest due to the presence of imprinted cavities. The peak currents of other compounds had no substantial change on 3DOM-MIPs/GCE or 3DOM-NIPs/GCE, as shown in Fig. 7 . The selectivity of the imprinted sensor to DA was evaluated by calculating the peak current ratio of DA on 3DOM-MIPs/GCE to other analogues under the same conditions. The calculated imprinted ratio of the oxidation current of DA to that of AA, UA, and EP was 12.1, 16.8, and 11.2, respectively. These results confirmed that 3DOM-MIPs/GCE had an excellent selective recognition capacity toward imprinted molecule due to the imprinting effect produced in 3DOM-MIPs, which was electropolymerized in the presence of DA. 
Conclusion
The present study described the development of a novel electrochemical sensor by combining the molecularly imprinting and colloidal crystal template techniques. Silica microspheres were deposited onto the surface of GCE to form SCCT. Then pyrrole was electropolymerized onto the SCCT/GCE surface in the presence of DA. With the etching of silica microspheres and extracting of DA, the obtained 3DOM-MIPs/GCE possessed multiporous structure and high surface area, which was characterized by SEM. Electrochemical experiments results indicated that the prepared sensor had much more efficient imprinted sites and exhibited a fast binding dynamics, good specific adsorption capacities, and high selective recognition to imprinted molecule. And the sensor was used to detect the concentration of DA with a linear range of 2.0×10 -6 ~ 2.3 ×10 -4 mol L -1 . A detection limit was measured to be 9.0 ×10 -7 mol L -1 .
